There is little theoretical basis for predicting the variation of dipole moment associated with the stretching of a bond, and even for the simplest molecules the sign of d/i/dR can only be derived by indirect arguments (Bell 1942). On the other hand, the bending of a bond presents a more amenable problem, since on a simple picture the moment along the bond is unchanged by bending, and hence the in tensities are calculable directly from the bond moments and the displacements of the atoms. In planar molecules vibrations perpendicular to the plane of the molecule constitute a separate class involving only the bending of bonds, and the present paper describes theoretical and experimental work on the out-of-plane vibrations [ 4 9 8 ] 
of substituted benzenes. It was hoped in particular to test a simple system of force constants for these vibrations, and to obtain information about the magnitude and direction of the moment of the C-H bond, about which there has been some controversy.
Intensities of vibration bands. I C a l c u l a t i o n o f f r e q u e n c i e s a n d a m p l i t u d e s
The most complete theoretical treatment of the out-of-plane vibrations of benzene is that of Bak (1945) , based upon the earlier work of Manneback (1935) . This gives excellent agreement with the observed frequencies for benzene and the deuterobenzenes, but it involves eight force constants and would be too cumbrous to use in the present problem. We have therefore used a treatment involving only two force constants, suggested by Wilson (1934) and modified by Bell (1945) . In its modified form this treatment accounts to within 10 % for the six observed fre quencies, and it has also been applied with success by Ingold & Leeke (1946) to the excited states of C6H 6 and C6D6. It has been found by Thompson & Torkington (1945) that the effect of substituents on the frequency of the intense out-of-plane vibration of benzene (671 cm.-1 in benzene itself) depends mainly on the number and position of the substituents, and much less on their nature. This suggests that the effect of substituents depends mainly on the replacement of the light hydrogen atoms by heavy groups, rather than on any change in the interatomic forces. We have therefore carried out the calculations with the same two force constants throughout, and in our model the substituents X are represented by infinite pointmasses which do not move during the vibrations. As a further simplification, the distance C-X has been taken throughout equal to the C-C distance in the benzene ring. The calculated frequencies and amplitudes will then be characteristic of the number and position of the substituents, and the dependence of the intensities upon the nature of the substituents can be expressed in terms of the moments of the C-H and C-X bonds.
The force field employed will now be defined. Figure 1 a defines the dimensions of the benzene ring. Figure 16 represents the deformation of valencies about a carbon atom, where the distance e may be either a or d, according to whether the substituent is X or H.
x, y, z and w represent small displacements per the plane of the diagram. An angle of deformation can then be defined by
Similarly, figure lc represents twisting about a C-C bond, where the distances e and / can each be either a or d .An angle of tw C (j) = w + x(ae)/eThe potential energy of the whole molecule is then given by
where the force constants h and Q refer respectively to bending and twisting, and the summations extend over all the carbon atoms and all the C-C bonds. The 33-2 numerical values employed were h = 2*44 x 104dynes/cm., Q = 0*239 x 104dynes/cm., Equations (1), (2) and (3) were used to set up the secular determinants for mono-, di-and trisubstituted benzenes, only those symmetry classes being treated which contain vibrations active in the infra-red. The determinants (of the second to. ninth order) were solved numerically by the matrix iteration method of Frazer, Duncan & Collar (1938),* which also gives the relative amplitudes, and has the advantage that a numerical error in working cannot lead to an incorrect result, though it may delay convergence to the correct value. In this method the frequencies are obtained successively in decreasing order of magnitude, and this process was stopped when all the frequencies consisting essentially of C-H and C-X bending had been obtained. The agreement is sufficiently good to warrant the use of the simple treatment for the present purpose.
E x p e r i m e n t a l d e t e r m i n a t i o n o f f r e q u e n c i e s a n d i n t e n s i t i e s
The vibrational spectra were measured with an automatically recording spectro meter having a rock-salt prism (Whiffen & Thompson 1945), the significant spectral range being 12 to 14//,. The effective slit widths were close to 4 cm.-1. While from a theoretical point of view it might be preferable to make, these measurements in the gaseous phase, the vapour pressures of some of the compounds might be incon veniently low. The measurements were therefore made in solution, which has the advantage at least that complications due to rotational contour are eliminated. Since the out-of-plane mode involved is particularly intense, it was possible to use dilute solutions, thus minimizing any complications due to association. After trials in several solvents, bromoform was selected since it has clear transmission, is suitable as regards solubility of the substances used, and is unlikely to lead to complications through intermolecular interactions. The absorption cell was made by separating a pair of rock-salt plates by a washer about 0-1 mm. in thickness.
The solutes chosen were the methyl and halogen derivatives of benzene, since (i) there should be a marked contrast in passing from the essentially non-polar to the more polar type, (ii) these substituents simulate the point-masses assumed in the theoretical treatment. The hydrocarbons were from a collection of specially purified samples, and the other substances were commercial samples repurified by crystallization. Table 1 shows that there is good general agreement between the observed and calculated frequencies for the substituted benzenes, thus justifying the use of the simplified model on which the theoretical calculations have been based. The only considerable discrepancy is for the 1 . 3 . 5-trimethyl benzene. It is not removed by any reasonable variations in the force constants and distances assumed, and the reason for it is unknown, though it may be significant that the discrepancy is less in the case of 1 . 3 . 5-tri-isopropyl benzene and other compounds where the sub stituent group is heavier.
In comparing the observed extinction coefficients with the calculated amplitudes it is convenient to consider first the methyl benzenes. The moment between the methyl group and the ring is certainly a small one, and since the hydrogen atoms have considerably larger amplitudes than the carbon atoms, it is probably a good first approximation to neglect the C-CH3 moment. The effective moment for infra red absorption is then given by /jie = /tCHS(a;H -£c), where /^CH is the moment of the C-H link, x represents the amplitude of a classical vibration of energy hv, and the summation is taken over all the C-H groups in the molecule. We can therefore write for the measured extinction coefficients of the methjd benzenes, e = A/<qH v{2(a;H -xc)}2,
where fi is measured in Debyes, v in cm.-1, x in the arbitrary units of figure 2, and A is a constant for all our measurements. In this series of compounds we should therefore find a direct proportionality between e and v{S(xH -£c)}2, independent of any assumption about the magnitude or direction of the C-H moment. Table 1 gives the ratio of these two quantities, i.e. the value of A/4qH, for the five compounds investigated. The values under (a) are derived from the observed frequencies of the individual compounds, and those in column (6) from the calculated frequencies of the group type given in figure 2. The constancy is in each case satisfactory, and there is no progressive change with the number of methyl groups as would be produced by an appreciable C-CH3 moment. I f the benzene ring has substituents X other than methyl groups, the extinction coefficients will be given by e = Av{Yt{xn -x c)tiCJ1 + 'L{xx -x c)ficx )i ,
where A has the same value as in (4). It would be possible to test equation (5) The value of A/i%^ has already been obtained from the data for the methyl ben zenes, and it is therefore possible to calculate the value of from the observed extinction coefficients, the calculated amplitudes, and the observed or calculated frequencies. Since the second term in equation (6) . 1947) . None of these earlier measurements gives any direct evidence as to the direction of the --h moment, whereas our own work points unequivocally to the polarity C-H. This agrees with the generally accepted view, but it is at variance with the calculations of Coulson (1942) which give the reverse polarity for the moment of an undistorted C-H bond. However, the contradiction may well be apparent rather than real. While the bending moment has a clear physical significance, the definition of a bond moment in an undistorted polyatomic molecule is necessarily somewhat artificial, and the quantity thus defined may not be so closely related to the bending moment. For example, the negative C-H moment obtained by Coulson is due mainly to the non-spherical nature of the hybrid atomic orbitals of carbon, and it is doubtful how far this part of the moment should be taken into account when the molecule is bent. It should be mentioned that Walsh (1947) considers that the moment of the C-H bond varies considerably (and may even change sign) with the hybridization of the carbon atom and the nature of the atoms attached to it, though this is at variance with Coulson's calculations on tetrahedral, trigonal and digonal carbon. It is clear that more experimental evidence is needed and that caution is necessary in com paring bending moments derived from infra-red data with bond moments obtained by analyzing dipole moment data or by theoretical calculation.
There are a number of ways in which the present work could be extended and improved. For example, it would be desirable to use a more exact potential function and to take into account the finite masses and varying sizes of the substituents. Similarly, it may be possible to allow for the C-CH3 moment and the effect of sub stituents upon the C-H moment. However, the present experimental accuracy and the existing uncertainty in the carbon-halogen moments hardly justifies such refinements, and we do not believe that they would modify our general conclusions. It would also be particularly interesting to make measurements with benzene itself, partly for comparison with the above data, and partly for obtaining absolute extinc tion coefficients of the vapour. We intend now to make such measurements, and also to extend the above by including a much larger number of multi-substituted benzenes for which the intensities of the band in question will vary over a greater range. These measurements will be made with the higher resolving power of a grating spectrometer, and also extended to other planar molecules such as the vinyl halides. The vibrational spectra of the latter class of molecules have been measured earlier (Thompson & Torkington 1944) and a satisfactory assignment of frequencies has been made, using which Torkington has carried out a force-constant treatment to calculate the appropriate amplitudes (Torkington 1947).
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